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A SUMMARY R E P O R T ON 
NEUTRON RADIOGRAPHY 

by 

H a r o l d B e r g e r 

I. INTRODUCTION 

A d e v e l o p m e n t p r o g r a m c o n c e r n e d wi th t e c h n i q u e s for n e u t r o n 
r a d i o g r a p h y h a s b e e n in p r o g r e s s at t h i s L a b o r a t o r y s ince 1960.v^/ T h i s 
r e p o r t s u m m a r i z e s t h i s p r o g r a m thus far and i n d i c a t e s the wide v a r i e t y of 
a p p l i c a t i o n s of t h i s i n s p e c t i o n m e t h o d . 

I n t e r e s t in n e u t r o n - r a d i o g r a p h i c i n s p e c t i o n m e t h o d s w a s o r i g i n a l l y 
s t i m u l a t e d by the knowledge tha t the r e l a t i v e a b s o r p t i o n of n e u t r o n s and 
X r a d i a t i o n in m a t e r i a l s is qui te d i f ferent .^^"5J Such d i f fe rence w a s p a r ­
t i c u l a r l y we l l d e m o n s t r a t e d by T h e w l i s ' p lot of m a s s a b s o r p t i o n coef f ic ien t s 
for the e l e m e n t s for both n e u t r o n s and X r a y s , ' ' * ' ^ ) shown in F i g u r e 1. 
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F i g u r e 1. The M a s s A b s o r p t i o n Coef f ic ien t s of the E l e m e n t s a r e 
P l o t t e d a g a i n s t A t o m i c N u m b e r for Both X R a y s (Solid 
Line) and T h e r m a l N e u t r o n s ( C i r c l e s ) 



The obvious d i f f e r e n c e s s u g g e s t a n u m b e r of p o s s i b l e a p p l i c a t i o n s . 
T h o s e s u g g e s t e d by Thewl i s^ '* ' ^ ' i nc lude the i n s p e c t i o n of l a r g e t h i c k n e s s e s 
of heavy m e t a l s v/ith d e c r e a s e d e x p o s u r e t i m e a s c o m p a r e d \vith c o n v e n ­
t i o n a l r a d i o g r a p h i c m e t h o d s ( b e c a u s e of the low a b s o r p t i o n of n e u t r o n s in 
t h e s e m a t e r i a l s ) , the d e t e c t i o n of h y d r o g e n , l i t h i u m , o r b o r o n in h e a v i e r 
m a t e r i a l s , and the p o s s i b i l i t y of b e t t e r r a d i o g r a p h i c d i s c r i m i n a t i o n b e t w e e n 
n e i g h b o r i n g m a t e r i a l s in the p e r i o d i c t a b l e , such a s b o r o n and c a r b o n , o r 
c a d m i u m and b a r i u m . The f i r s t m a t e r i a l in e a c h of t h e s e g r o u p s h a s m u c h 
g r e a t e r a b s o r p t i o n for n e u t r o n s t h a n t h e o t h e r m a t e r i a l , w h e r e a s the X - r a y -
a b s o r p t i o n c h a r a c t e r i s t i c for e a c h m a t e r i a l in a m e n t i o n e d p a i r i s v e r y 
s i m i l a r . 

S tud ies in e a c h of t h e s e m e n t i o n e d a r e a s i n d i c a t e t h a t the a n t i c i p a t e d 
a d v a n t a g e s of t h e r m a l n e u t r o n r a d i o g r a p h y for such i n s p e c t i o n s can be r e ­
a l i z e d . A n u m b e r of s p e c i f i c a p p l i c a t i o n s t u d i e s a r e d i s c u s s e d l a t e r in t h i s 
r e p o r t . In add i t ion , t he r e a d e r i s r e f e r r e d to an e x t e n s i v e l i s t of p o s s i b l e 
a p p l i c a t i o n a r e a s for n e u t r o n r a d i o g r a p h y g iven by W a t t s . ' " ) 

The a b s o r p t i o n d i f f e r e n c e s i l l u s t r a t e d in F i g u r e 1 involve n e u t r o n s 
of a p p r o x i m a t e l y t h e r m a l e n e r g y . F o r n e u t r o n s of h i g h e r e n e r g y m a n y of 
t h e s e l a r g e d i f f e r e n c e s in m a t e r i a l a b s o r p t i o n c h a r a c t e r i s t i c s a r e a p p r e ­
c iab ly d i m i n i s h e d , so t h a t the u s e of fas t n e u t r o n s i s l e s s a t t r a c t i v e for 
g e n e r a l r a d i o g r a p h i c a p p l i c a t i o n s . Al though it i s t r u e t h a t r e s o n a n c e -
e n e r g y n e u t r o n s could be u s e d to p r o v i d e even g r e a t e r a t t e n u a t i o n d i f f e r ­
e n c e s for spec i f i c m a t e r i a l s , a s w a s po in t ed out by W a t t s , ' ^ ) t h e r e a r e 
d i f f i cu l t i e s invo lved in p r o d u c i n g r e a s o n a b l y m o n o c h r o m a t i c n e u t r o n b e a m s * 
of suf f ic ient i n t e n s i t y for r a d i o g r a p h y in t h i s e n e r g y r e g i o n . T h i s d i s c u s ­
s ion , t h e r e f o r e , w i l l be c o n c e r n e d p r i m a r i l y wi th the u s e of t h e r m a l - n e u t r o n 
r a d i o g r a p h y . 

A f u r t h e r l i m i t a t i o n is t ha t t he d e t e c t i o n m e t h o d s d i s c u s s e d a r e p r i ­
m a r i l y p h o t o g r a p h i c . A l though o t h e r m e t h o d s a r e p o s s i b l e , * * the p r e s e n t 
s t a t e of the a r t is such t h a t p h o t o g r a p h i c t e c h n i q u e s a p p e a r to y i e l d the 
m o s t s a t i s f a c t o r y r e s u l t s . v ' / 

II. METHODS OF PHOTOGRAPHIC DETECTION 

M e t h o d s of p h o t o g r a p h i c d e t e c t i o n for t h e r m a l - n e u t r o n i m a g e s h a v e 
i n c l u d e d the u s e of l o a d e d (usua l ly \vith b o r o n o r l i t h i u m ) e m u l s i o n s and 
n o r m a l X - r a y f i l m s , bo th a lone and in con junc t ion -with v a r i o u s c o n v e r t e r 
m a t e r i a l s . The c o n v e r t e r - m a t e r i a l t e c h n i q u e i s p r e f e r r e d b e c a u s e the 
n e u t r o n r e s p o n s e of p r e s e n t l y a v a i l a b l e n o r m a l o r l o a d e d e m u l s i o n s u s e d 

*Such beanas shou ld be m o n o c h r o m a t i c if they a r e to p r o v i d e the e x ­
c e l l e n t d i s c r i m i n a t i o n p o s s i b l e in the r e s o n a n c e - e n e r g y r e g i o n . 

* * R e v i e w s of such m e t h o d s have b e e n g iven by B e r g e r ^ ^ ) and Wat t s .v" ) 
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a l o n e i s r e l a t i v e l y p o o r f r o m a speed po in t of v iew. The c o n v e r t e r 
m a t e r i a l s p e r f o r m the funct ion of changing the n e u t r o n i m a g e into s o m e 
r a d i a t i o n m o r e r e a d i l y d e t e c t a b l e by the film. Such t e c h n i q u e s can 
i m p r o v e the n e u t r o n r e s p o n s e of an X - r a y f i lm by s e v e r a l o r d e r s of 
m a g n i t u d e , A c o m p a r i s o n of m a n y of t h e s e d e t e c t i o n m e t h o d s h a s been 
g iven p r e v i o u s l y . (7,8) 

The c o n v e r t e r m a t e r i a l s n o r m a l l y u s e d for n e u t r o n de t ec t i on and 
s o m e of t h e i r c h a r a c t e r i s t i c s a r e l i s t e d in T a b l e I. T h e s e m a t e r i a l s a r e 
e s s e n t i a l l y of two d i f fe ren t t y p e s , p r o m p t e m i s s i o n and po t en t i a l l y r a d i o ­
a c t i v e . The p r o m p t - e m i s s i o n m a t e r i a l s , such a s the g a m m a e m i t t e r s 
c a d m i u m and g a d o l i n i u m and the a lpha e m i t t e r s l i t h ium and bo ron , m u s t 
be e x p o s e d to the n e u t r o n b e a m with p h o t o g r a p h i c f i lm. The f i lm m u s t be 
p r e s e n t d u r i n g the ac tua l n e u t r o n e x p o s u r e in o r d e r to d e t e c t the r a d i a t i o n 
p r o m p t l y e m i t t e d f r o m t h e s e s c r e e n m a t e r i a l s . Th i s t echn ique h a s been 
t e r m e d the d i r e c t e x p o s u r e m e t h o d and is useful not only with the m a t e r i a l s 
spec i f i c a l l y m e n t i o n e d , but with al l the c o n v e r t e r m a t e r i a l s l i s t e d in 
T a b l e I. The t e c h n i q u e i s i l l u s t r a t e d in F i g u r e 2. 
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FILM 
OBJECT-i JT, /-CASSETTE 
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FRONT SCREEN — ' ^ ^ BACK SCREEN 
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DIRECT EXPOSURE METHOD 

F i g u r e 2 

A r r a n g e m e n t s U s e d for D i r e c t 
E x p o s u r e and T r a n s f e r N e u t r o n 
R a d i o g r a p h i c D e t e c t i o n A r e 
I l l u s t r a t e d 

OBJECT^ ^CONVERTER SCREEN 
NEUTRONS 1 

_s: 

TRANSFER EXPOSURE METHOD 
106-7721 

F o r the m o s t p a r t t h e s e m a t e r i a l s a r e b e s t u s e d in the f o r m of 
thin m e t a l s c r e e n s . E x c e p t i o n s to t h i s r u l e o c c u r in the c a s e of the a lpha 
e m i t t e r s l i t h i u m and b o r o n , wh ich a p p e a r to y ie ld m u c h f a s t e r p h o t o g r a p h i c 
n e u t r o n r e s p o n s e when c o m b i n e d with a p h o s p h o r , so tha t l igh t p r o v i d e s 
the p r i n c i p a l p h o t o g r a p h i c effect. (3) P r e p a r a t i o n m e t h o d s , ( 1 ^ " 15) r e l a t i v e 
p h o t o g r a p h i c s p e e d s , ( 8 , 1 6 ) and r a d i o g r a p h i c app l i ca t i ons (17 ) of such m a ­
t e r i a l s have b e e n d e s c r i b e d . 

The o t h e r d e t e c t i o n t e c h n i q u e , the t r a n s f e r m e t h o d , i l l u s t r a t e d in 
F i g u r e 2, does not e m p l o y p h o t o g r a p h i c f i lm in the a c t u a l n e u t r o n e x p o s u r e . 
The n e u t r o n d e t e c t o r c o n s i s t s of a m e t a l foil which b e c o m e s r a d i o a c t i v e 
in p r o p o r t i o n to the n e u t r o n i n t e n s i t y a t e a c h point in the i m a g e . T h i s 
r a d i o a c t i v e , i m a g e - c a r r y i n g foil i s t hen u s e d in conven t iona l a u t o r a d i o ­
g r a p h i c m e t h o d s to y ie ld a p h o t o g r a p h i c i m a g e of the n e u t r o n s igna l . T h i s 
t e chn ique i s u s u a l l y not as fas t a s the d i r e c t e x p o s u r e m e t h o d , but i t does 
have the a d v a n t a g e tha t the r e s u l t a n t r a d i o g r a p h is not in f luenced by in ­
t e r f e r i n g g a m m a r a d i a t i o n wh ich m a y be p r e s e n t b e c a u s e of the n e u t r o n 
b e a m i tself , p r o m p t e m i s s i o n f r o m o b j e c t s in the b e a m pa th , o r f r o m a 
r a d i o a c t i v e i n s p e c t i o n object . 
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III. CHARACTERISTICS OF P H O T O G R A P H I C D E T E C T O R 

Many of the c o n v e r t e r m a t e r i a l s m e n t i o n e d in the p r e v i o u s s e c ­
t ion have b e e n s tud i ed in o r d e r to d e t e r m i n e the s c r e e n t h i c k n e s s e s tha t 
y i e l d the b e s t s p e e d and r e s o l u t i o n p r o p e r t i e s , and to d e t e r m i n e s o m e t h i n g 
of the r a d i o g r a p h i c c o n t r a s t ob ta inab le wi th the v a r i o u s de t ec t ion t e c h ­
n i q u e s . In the following s e c t i o n s m o s t of the da ta a r e s u m m a r i z e d . 

A . C o n s i d e r a t i o n s abou t P h o t o g r a p h i c Speed 

The f i r s t e f fo r t s to d e t e r m i n e the r e l a t i v e s p e e d wi th wh ich the 
v a r i o u s c o n v e r t e r m a t e r i a l s cou ld be u s e d to d e t e c t t h e r m a l - n e u t r o n 
i m a g e s w e r e a t t e m p t s to o p t i m i z e the s c r e e n t h i c k n e s s and loca t ion of 
the c o n v e r t e r m a t e r i a l . T h e s e m a t e r i a l s , at l e a s t the m e t a l s c r e e n s , w e r e 
in i t i a l ly u s e d in a d o u b l e - s c r e e n conf igu ra t ion a s i nd i ca t ed in F i g u r e 2. 
Da ta such a s t h o s e i n d i c a t e d in F i g u r e 3 w e r e u s e d to d e t e r m i n e what 
t h i c k n e s s shou ld be u s e d for s c r e e n s m a d e of e a c h c o n v e r t e r m a t e r i a l 
s t u d i e d . Th i s p lo t for c a d m i u m s c r e e n s i n d i c a t e s tha t a f r o n t - s c r e e n 
t h i c k n e s s ( toward the n e u t r o n s o u r c e ) of 250 jj, and a b a c k - s c r e e n t h i c k ­
n e s s of 500 ju wi l l y i e l d g r e a t e r f i l m r e s p o n s e than o the r c a d m i u m s c r e e n 
c o m b i n a t i o n s for i d e n t i c a l n e u t r o n e x p o s u r e . 

250 
BACK SCREEN (ji.) 

500 750 1000 1250 1500 

^ 1 

u e 

6 

5 

/ -

250 
•' '=^^ 125 

5 0 0 
750 

NUMBERS ON CURVES REFER TO 
CADMIUM FRONT SCREEN THICKNESS IN il. 

• 5 0 0 fX. BACK SCREEN 

F i g u r e 3 

F i l m D e n s i t i e s P r o d u c e d by Iden t i ca l 
N e u t r o n E x p o s u r e s Us ing Di f fe ren t 
T h i c k n e s s e s of C a d m i u m C o n v e r t e r 
S c r e e n s wi th Type KK X - r a y F i l m 

2 5 0 5 0 0 750 1000 1250 1500 
CADMIUM FRONT SCREEN THICKNESS C(JL) 

106-7725 

A s h o r t - h a n d d e s i g n a t i o n for t h i s double c a d m i u m s c r e e n a r r a n g e ­
m e n t is 250-500 Cd, w h e r e the n u m b e r s i nd ica t e the t h i c k n e s s e s of the 
f ront and b a c k s c r e e n s , r e s p e c t i v e l y , in m i c r o n s and the c h e m i c a l symbo l 
iden t i f i es the m a t e r i a l . S i m i l a r da ta for d o u b l e - s c r e e n u s e of o the r c o n ­
v e r t e r m a t e r i a l s i nd i ca t e tha t the s c r e e n c o m b i n a t i o n s for b e s t speed for 
e a c h m a t e r i a l a r e 250-250 Rh, 12-50 Gd, 500-750 In, 450 -450 Ag , and 
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125-250 Dy. In e a c h c a s e the o p t i m u m s p e e d s c r e e n t h i c k n e s s e s w e r e 
t a k e n a t the p o i n t s w h e r e s c r e e n t h i c k n e s s v e r s u s f i l m - e x p o s u r e p l o t s 
t e n d e d to l e v e l off. 

T h e s e da t a w e r e ob t a ined by u s i n g a m o n o c h r o m a t i c t h e r m a l -
n e u t r o n b e a m hav ing a w a v e l e n g t h of 1.05 A. A d i a g r a m of the b e a m 
a r r a n g e m e n t is shown in F i g u r e 4. Th i s b e a m , p r o v i d i n g a t h e r m a l -
n e u t r o n i n t e n s i t y of 3 x 10^ n / c m ^ - s e c o v e r an a r e a of abou t 7 . 5 - c m d iam­
e t e r , h a s b e e n v e r y use fu l for the c o n v e r t e r s c r e e n s tudy b e c a u s e i t w a s 
m o n o c h r o m a t i c , w^ell c o U i m a t e d , and c o n t a i n e d v e r y l i t t l e g a m m a r a d i a ­
t i o n . ' ° ' l " / F u r t h e r s t u d i e s wi th a m u l t i - e n e r g y n e u t r o n b e a m f r o m 
J u g g e r n a u t r e a c t o r h a v e t e n d e d to c o n f i r m t h e s e s c r e e n d a t a . * 

LOCATION OF NEUTRON 
IMAGE DETECTOR DURING 
A RADIOGRAPHIC EXPOSURE 

RADIOGRAPHIC 
OBJECT LOCATION V 

MONOCHROMATOR 

ROTARY SHUTTER 

COLLIMATOR^; 

BEAM CATCHER 

F i g u r e 4 

N e u t r o n - s o u r c e A r r a n g e m e n t 
Used for E a r l y N e u t r o n -
r a d i o g r a p h i c S tud ie s 

CASSETTE 
FRONT 
SCREEN 

RLE FACE' 

106-7724 

LROTARY SHIELD 

[Pb + (RARAFFIN+B4C)] 

Once o p t i m u m d o u b l e - s c r e e n da ta w e r e a v a i l a b l e for a n u m b e r of 
the c o n v e r t e r s c r e e n m a t e r i a l s , s i ng l e , m e t a l c o n v e r t e r s c r e e n s w e r e 
u s e d in f u r t h e r s t u d i e s in an a t t e m p t to i m p r o v e i m a g e qua l i ty . Al though 
the e m p h a s i s h e r e w a s on i m p r o v e d r e s o l u t i o n , s o m e s t u d i e s w e r e a l s o 
m a d e to d e t e r m i n e the o p t i m u m s i n g l e - s c r e e n t e chn ique f r o m a s p e e d 
po in t of v iew for e a c h m e t a l c o n v e r t e r m a t e r i a l . A t y p i c a l p lo t for s ing le 
r h o d i u m c o n v e r t e r s c r e e n s i s shown in F i g u r e 5. The da ta ind ica te tha t 
b e s t s p e e d r e s u l t s w i th a s i ng l e r h o d i u m c o n v e r t e r s c r e e n in a d i r e c t -
e x p o s u r e m e t h o d can be ob t a ined wi th a 250-jLi-thick s c r e e n on the n e u t r o n -
s o u r c e s ide of the f i lm. B e s t s p e e d r e s u l t s wi th s ing le m e t a l s c r e e n s w e r e 
u s u a l l y ob t a ined wi th f ront s c r e e n s , one n o t a b l e e x c e p t i o n be ing g a d o l i n i u m , 
w h e r e the u s e of a b a c k s c r e e n y i e l d e d the f a s t e s t r e s u l t . The da ta for 
s ing le g a d o l i n i u m s c r e e n s a r e shown in F i g u r e 6. Data for o the r s ing le 
s c r e e n c o n v e r t e r m a t e r i a l s h a v e been g iven e l sewhere .V^^ ,20} 

*This n e u t r o n fac i l i ty i s d e s c r i b e d in Sect . IV. 
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Figure 5. Determination of Single Rhodium Con­
verter Screen Thickness and Location 
for Best Neutron Photographic Speed 
by Direct-exposure Method 

0 12 25 37 50 
GADOLINIUM SCREEN THICKNESS (^ ) 

Figure 6. Determination of Single Gadolinium 
Metal Converter Screen Thickness and 
Location for Best Neutron Photographic 
Speed by the Direct-exposure Method 

These s ing le - sc reen speed data were obtained p r imar i ly to de­
t e rmine a useful compromise between speed and resolution charac te r i s t i c s 
for the exposure methods. A compar ison of relat ive neutron photographic 
speed for many of the d i rec t -exposure methods is given in Table II. The 
double metal s c reen th icknesses given in this tabulation were chosen be ­
cause these gave the bes t speed resu l t s for a given conver ter ma te r i a l . 
The single metal sc reen th icknesses a r e compromises between best speed 
and best resolution p rope r t i e s . Scint i l la tors , which yield the fastest 
response , were not var ied in th ickness . 

The fast metal s c reen combination consisting of a rhodium front 
sc reen and a gadolinium back sc reen has the advantage that a front rhodium 
sc reen and a back gadolinium sc reen each yield fast resu l t s for a single 
metal sc reen d i rec t -exposure method. When these two are combined in a 
double-screen technique, the resu l t is a very fast metal sc reen method.U^j 

By evaluation methods s imi la r to those d iscussed above, the best 
s c r een th icknesses to use for t r ans fe r exposures have also been determined 
for severa l of the conver ter m a t e r i a l s . Such data for indium and gold 
t ransfe r methods have been reported(19) and indicate that the sc reen 
thicknesses for best speed should be about 500 and 125 |Li for indium and 
gold, respect ively . F o r the use of a dysprosium screen in a t ransfe r 
technique, a sc reen thickness of about 250 \i has been repor ted to produce 
the best speed resul t . V^ )̂ In all these cases slightly faster resu l t s a re 
obtained if the film is placed in contact with the neu t ron-source side of 
the t ransfe r sc reen . 

The data for t ransfe r sc reens were obtained with the monochromatic 
neutron beam having an intensity of 3 x 10 n / cm^- sec , an intensity that was 
insufficient to obtain such data for the mate r i a l s of shor te r half-life, 
rhodium and s i lver . With neutron exposure t imes and film t ransfer t imes 
in excess of th ree ha l f - l ives , so that the maximum possible film exposure 



was obtained, these s c r e e n ma te r i a l s yielded very light film exposures on 
fast X- ray films in this neutron intensity. Recent data with these mate r i a l s 
in a higher neutron intensity beam at Juggernaut r eac to r* have indicated 
that best speed resu l t s a r e obtained with sc reen th icknesses of 250 /i for 
e i ther rhodium or s i lver t r ans fe r s c r e e n s . 

Table II 

RELATIVE PHOTOGRAPHIC SPEED FOR SEVERAL DIRECT-EXPOSURE 
NEUTRON IMAGE DETECTION METHODS 

Conver ter Mater ial and Screen Configuration^^/ 

L i ' - en r iched Scinti l lator as Back Screeni") 
B'^-loaded Scintil lator as Back Screen^^/ 
Rhodium (2 50)-Gadolinium (50) Screens '^ ' 
Double Rhodium Screens (250-250) 
Double Gadolinium Screens (lE-50) 
Double Indium Screens (500-750) 
Double Dysprosium Screens (75-250) 
Double Cadmium Screens (250-500) 
Double Silver Screens (450-450) 
Single Dysprosium as Back Screen (250) 
Single Gadolinium as Back Screen (25) 
Single Cadmium as Back Screen (250) 
Single Rhodium as Back Screen (250) 
Single Indium as F ron t Screen (500) 
Single Sliver as F ron t Screen (375) 
Double Gold Screens (l50-250)(g) 
F i lm Only - No Conver ter 

F i lm 
Type 

F 
F 
KK 
KK 
KK 
KK 
KK 
KK 
KK 
KK 
KK 
KK 
KK 
KK 
KK 
KK 
KK 

Relative Photographic 
Speed(b) 

50(c) 
35(c) 

1 6 
1 4 
1 1 
1 1 
1 1 
1 0 
0 8 
0 75 
0 71 
0 67 
0 62 
0 5 
0 35 
0 3 
0 03 

l3-)Numbers m connection 'with metal sc reens refer to sc reen th icknesses for 
front screen and back sc reen , respect ively , m microns 

(."/The relat ive photographic speed -was obtained by comparing film densities 
for s imi lar neutron exposures for each detector The the rmal -neu t ron 
intensity used v/as 3 x 10^ n / cm^-sec All speed values have been com­
pared with that of the double cadmium sc reen technique, which has a rb i ­
t r a r i l y been rated 1 0 Different exposure situations may change these 
figures somewhat because of different t imes requi red for the radioactive 
sc reen ma te r i a l s to reach saturat ion act ivi t ies and because of rec iproc i ty -
la'w fai lures which may be encountered v/ith the scint i l la tors 

vCJxhe two speed numbers for the fast scint i l lator techniques a r e judged to be 
l e s s accura te than the others because of the increased difficulty m con­
trol l ing the very short exposures (1 to 3 sec) requi red 

(<i)The li thium scint i l lator used was a 1 4 powder mixture of 96 per cent 
enriched Li F and ZnS(Ag) See references 15 and 16 

V^/The boron scint i l lator indicated here was the type descr ibed by Sun, 
reference 12 

U) This combination of metal s c r eens has yielded very fast resu l t s See 
reference 16 

"•g'The radioactive sc reen ma te r i a l s l is ted were all allowed a three half-life 
decay next to the film after the neutron exposure was completed The 
gold sc reens were an exception to this rule m that only a one half-life 
decay period (2 7 days) was used The speed number m this case would 
not have doubled with the use of the longer decay period because of the 
high contribution of p rompt (n,7) radiat ion during the actual neutron ex­
posure See reference 8 

This beam facility is described later in Sect. IV. 



B. R e s o l u t i o n P r o p e r t i e s 

R e s o l u t i o n s t u d i e s on m a n y of the p h o t o g r a p h i c de t ec t ion t e c h n i q u e s 
h a v e b e e n m a d e and r e p o r t e d . ^^•'•) In t h e s e s t u d i e s u s e w a s m a d e of a 
r e s o l u t i o n t e s t ob jec t c o n s i s t i n g of a n e u t r o n - a b s o r b i n g m a t e r i a l t h r o u g h 
w h i c h a n u m b e r of s m a l l h o l e s w e r e m a d e , s p a c e d a p a r t a con t inuous ly 
d e c r e a s i n g d i s t a n c e . A n e u t r o n r a d i o g r a p h of a c a d m i u m r e s o l u t i o n t e s t 
ob jec t i s shown in F i g u r e 7. 

F i g u r e 7. A N e u t r o n R a d i o g r a p h of a C a d m i u m R e s o l u t i o n T e s t Objec t Is 
Shown. Hole d i a m e t e r s w e r e 0.5 m m . Hole spac ings v a r i e d 
f r o m 30 to 750 jj.. 

N e u t r o n r a d i o g r a p h s of s u c h t e s t p i e c e s , t aken by m a n y d i f fe ren t 
p h o t o g r a p h i c m e t h o d s , w e r e e x a m i n e d by a n u m b e r of o b s e r v e r s to d e ­
t e r m i n e the n u m b e r of h o l e s r e s o l v e d on the r a d i o g r a p h . A d m i t t e d l y , th i s 
m e t h o d of d e t e r m i n i n g r e s o l u t i o n is sub j ec t to indiv idual i n t e r p r e t a t i o n , 
and the r e s u l t s m a y not be c a p a b l e of be ing e x p r e s s e d in t e r m s of l i n e s 
p e r m i l l i m e t e r r e s o l u t i o n . A t h i n n e r t e s t p i e c e conta in ing s e t s of s l i t s 
would be p r e f e r a b l e in t h i s r e g a r d . N e v e r t h e l e s s , the m u c h s i m p l e r t e s t 
p i e c e s u s e d h e r e did p e r m i t c o m p a r i s o n s b e t w e e n d i f fe ren t e x p o s u r e 
m e t h o d s and b e t w e e n d i f fe ren t s c r e e n t h i c k n e s s e s for a g iven e x p o s u r e 
m e t h o d . T h e s e t h e r e f o r e did a c c o m p l i s h the p u r p o s e of the t e s t , wh ich 
w^as to d e t e r m i n e s c r e e n t h i c k n e s s e s and m e t h o d s for b e s t r e s o l u t i o n 
q u a l i t i e s of a v a i l a b l e n e u t r o n - r a d i o g r a p h i c imag ing m e t h o d s . 

Al l n e u t r o n e x p o s u r e s w e r e m a d e wi th the t e s t ob jec t d i r e c t l y on 
the ou t s i de s u r f a c e of an a l u m i n u m - f r o n t , s p r i n g - l o a d e d X - r a y c a s s e t t e . 
In o r d e r to be c o n s i s t e n t t h r o u g h o u t , the c a s s e t t e w a s a l s o u s e d to pos i t i on 
m e t a l foi ls for t r a n s f e r e x p o s u r e s . Al l f i lms w e r e p r o c e s s e d and hand l ed 
in a u n i f o r m m a n n e r in o r d e r to m a k e the c o m p a r i s o n s va l id . F i l m s w e r e 
d e v e l o p e d in Kodak l iqu id X - r a y d e v e l o p e r (20 + j ° C ) for 5 m i n wi thou t 
a g i t a t i o n . 

Two r e s o l u t i o n t e s t p i e c e s w e r e u s e d in t h e s e s t u d i e s : a c a d m i u m 
t e s t p i e c e , shown in F i g u r e 7, a n d a t h i n n e r (50 ^ a s opposed to 500 jj. for 
the c a d m i u m t e s t p i e c e ) g a d o l i n i u m t e s t ob jec t . The l a t t e r con t a ined 
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s m a l l e r - d i a m e t e r holes {iZS-ji d iameter for the gadolinium object, 500-/i 
d iameter for the cadmium tes t piece) which were placed as close together 
as 10 ^ bet-ween hole edges. 

The bes t resolut ion conver ter ma te r i a l , gadolinium, produced 
neutron radiographs that were capable of resolving even this 10-/i spacing. 
Many of the detection methods were capable of resolut ions in the order of 
25 to 50 ju. 

Some selected results of the resolution study are indicated in 
Table III. 

Table III 

RESOLUTION P R O P E R T I E S FOR S E L E C T E D CONVERTER 
MATERIAL DETECTION TECHNIQUES 

E x p o s u r e F i l m Orientationis-) S c r e e n Thickness(t>) for Resolution^'- ' 
C o n v e r t e r M a t e r i a l Technique for Bes t Reso lu t ion Good Resolu t ion (fx) O b s e r v e d (/i) 

Gadol in ium 
C a d m i u m 
Rhodium 
Indium 
Li^ Sc in t i l l a to r (g) 
B ' ° Sc in t i l l a to r (h) 
Gold 
Indium 
D y s p r o s i u m 

D i r e c t 
D i r e c t 
D i r e c t 
D i r e c t 
D i r e c t 
D i r e c t 
T r a n s f e r 
T r a n s f e r 
T r a n s f e r 

F r o n t 
F r o n t 
F r o n t 
Back(d) 

(e) 
( '^^ ^ 

Fron t ( i ) 
F ron t ( i ) 
F ron t ( i ) 

12.5 
75 
75 

125 

(f) 
(f) 
75 
50 

250 

10 
30 
50 
50 
50 
50 
25 
50 
50 

v^/A front f i lm ind ica te s that f i lm was u s e d on the n e u t r o n - s o u r c e s ide of the conve r s ion 
s c r e e n , for both d i r e c t and t r a n s f e r m e t h o d s . 

*• 'The t h i c k n e s s e s ind ica ted a r e for the f a s t e s t - r e s p o n s e s c r e e n s which y ie lded bes t 
r e so lu t ion f r o m among the p a r t i c u l a r s c r e e n t h i c k n e s s e s s tudied. In some c a s e s , such 
as rhod ium, the th innes t s c r e e n ava i lab le y ie lded bes t r e so lu t ion . A th inner s c r e e n , 
t h e r e f o r e , migh t y ie ld an i m p r o v e d r e so lu t i on r e s u l t . 

^cJResolution ind ica ted is the d i s t ance be tween ho les in a n e u t r o n - a b s o r b i n g t e s t p iece 
that could be j u s t r e s o l v e d on the r e s u l t a n t neu t ron r a d i o g r a p h by a ma jo r i t y of ob­
s e r v e r s . The 10-/i spacing was the s m a l l e s t ava i l ab le on the t e s t ob jec t s . 

v")lndium s c r e e n s a p p e a r e d to y ie ld b e t t e r r e so lu t i on when back f i lms w e r e used , as did 
s i l ve r s c r e e n s . These w e r e the excep t ions to the m e t a l s c r e e n s s tudied in that the 
o t h e r s a l l y ie lded b e t t e r r e so lu t i on with front f i l m s . See r e f e r e n c e 21 . 

(^ 'Sc in t i l l a to r s w e r e u s e d only with front f i l m s . 

(^)Scinti l lators w e r e not v a r i e d a p p r e c i a b l y in t h i c k n e s s . 

(g)A powder combina t ion of 1 p a r t (by weight) 96% e n r i c h e d Li F and 4 parts ZnS(Ag). 
See r e f e r e n c e s 15 and 16. 

V'")A Sun- type s c in t i l l a t o r , 92% e n r i c h e d with B ' ° . See r e f e r e n c e 12. 

(i/With all t r a n s f e r r a d i o g r a p h s the u s e of f ront f i lms is s l ight ly p r e f e r a b l e . 

C. Radiographic Contras t 

Although this phase of the neutron radiographic detector study has 
not been extensive, thickness var ia t ions in most meta l s of the o rder of 



2 p e r cen t of the b a s e m a t e r i a l t h i c k n e s s can be d e t e c t e d by n e u t r o n r a d i ­
o g r a p h y . C o m p a r i n g the d e t e c t i o n m e t h o d s for t h e i r c o n t r a s t c a p a b i l i t i e s , 
one would conc lude tha t t r a n s f e r t e c h n i q u e s g e n e r a l l y y i e ld b e t t e r c o n t r a s t 
t han d i r e c t - e x p o s u r e m e t h o d s . This a p p e a r s to be t r u e b e c a u s e i n t e r ­
f e r i n g g a m m a r a d i a t i o n , s u c h a s p r o m p t (n,7) r a d i a t i o n g e n e r a t e d in the 
i n s p e c t i o n s a m p l e i tself , is no t d e t e c t e d by t r a n s f e r m e t h o d s . This be ing 
the c a s e , t h i c k n e s s v a r i a t i o n s in m e t a l s a s low a s 1 p e r cen t have been d e ­
t e c t e d by t r a n s f e r m e t h o d s . 

D i r e c t - e x p o s u r e m e t h o d s , on the o the r hand , do r e s p o n d to p r o m p t 
(n,7) r a d i a t i o n . T h e r e f o r e , s o m e d e c r e a s e in t h i c k n e s s s e n s i t i v i t y h a s b e e n 
e n c o u n t e r e d in i n s p e c t i n g l a r g e r t h i c k n e s s e s of m a t e r i a l s tha t have a 
g r e a t e r t e n d e n c y for p r o m p t e m i s s i o n upon n e u t r o n b o m b a r d m e n t . T h e s e 
a s p e c t s of the c o n t r a s t p r o b l e m wi l l be d i s c u s s e d in m o r e de t a i l in a l a t e r 
s e c t i o n of t h i s r e p o r t . 

A s a g e n e r a l r u l e , the u s e of m e t a l c o n v e r t e r s c r e e n s m d i r e c t -
e x p o s u r e m e t h o d s d o e s y i e l d n e u t r o n r a d i o g r a p h s on which 2 to 3 p e r cen t 
v a r i a t i o n s in the i n s p e c t i o n m a t e r i a l t h i c k n e s s can be d e t e c t e d . S c i n t i l l a t o r 
t e c h n i q u e s w e r e s o m e w h a t i n f e r i o r in tha t t hey could d e t e c t t h i c k n e s s v a r i a ­
t i ons only in the r a n g e f r o m 6 to 10 p e r cen t . T h e r e a p p e a r s to be no r e a d y 
e x p l a n a t i o n for t h i s p o o r c o n t r a s t r e s u l t ob ta ined w i th s c i n t i l l a t o r s .v'^'^) A l ­
though r e c e n t w o r k a t t h i s L a b o r a t o r y i n d i c a t e s tha t a r e l a t i v e l y l a r g e 
change in l igh t output f r o m the s c i n t i l l a t o r i s ob ta ined for a s m a l l change 
in n e u t r o n i n t e n s i t y ( changed by v a r y i n g r e a c t o r po^ver l e v e l ) , the f i lm r e ­
s u l t s i n d i c a t e t h a t , w i th an i n s p e c t i o n s a m p l e in p l a c e , only r e l a t i v e l y l a r g e 
c h a n g e s in s a m p l e t h i c k n e s s can be d e t e c t e d . 

D. R e l a t i v e N e u t r o n - G a m m a R e s p o n s e 

A g a m m a - r a d i a t i o n i m a g e s u p e r i m p o s e d o v e r a n e u t r o n i m a g e m a y 
c o m p l e t e l y o b l i t e r a t e the i n f o r m a t i o n d e s i r e d f r o m a n e u t r o n - r a d i o g r a p h i c 
i n s p e c t i o n , s i n c e one of the p r i m a r y a d v a n t a g e s of th i s t echn ique is 
tha t the r e l a t i v e a b s o r p t i o n m m a t e r i a l s for n e u t r o n s is qui te d i f fe ren t 
f r o m t h a t of g a m m a r a d i a t i o n . T h e r e f o r e , the r e l a t i v e r e s p o n s e of the 
d e t e c t i o n m e t h o d s to n e u t r o n s and g a m m a r a d i a t i o n is of s o m e i n t e r e s t . 

In one s tudy \^^ ) of th i s p r o b l e m X - r a y f i l m s u s e d a lone r e q u i r e d 
an e x p o s u r e of a p p r o x i m a t e l y 5 x 1 0 ^ t h e r m a l n e u t r o n s / c m ' ^ to equa l the 
r e s p o n s e of one m i l l i r o e n t g e n of c o b a l t - 6 0 g a m m a r a d i a t i o n . Using m e t a l 
c o n v e r t e r s c r e e n s , wh ich i m p r o v e the s p e e d of t h e r m a l - n e u t r o n d e t e c t i o n 
o v e r t h a t of f i lm u s e d a lone by a p p r o x i m a t e l y 50 t i m e s , one would a n t i c i ­
p a t e an i m p r o v e m e n t in t h i s n e u t r o n to g a m m a r e s p o n s e r a t i o by about 
t ha t f a c t o r . T e s t s ( O ' 2 0 , 2 4 ) cio i n d i c a t e t ha t m e t a l c o n v e r t e r s c r e e n s u s e d 
in a d i r e c t - e x p o s u r e m e t h o d wi th X - r a y f i lm r e q u i r e an e x p o s u r e of about 
10 t h e r m a l n e u t r o n s / c m ^ to equa l the f i lm d e n s i t y p r o d u c e d by an e x ­
p o s u r e of one m i l l i r o e n t g e n of c o b a l t - 6 0 g a m m a r a d i a t i o n . F o r the f a s t e r 
n e u t r o n - d e t e c t i n g m e t h o d s , s u c h a s the s c m t i l l a t o r - f i l m d i r e c t - e x p o s u r e 
m e t h o d s , t h i s r e s p o n s e r a t i o a p p r o a c h e s 10^ n e u t r o n s / c m ^ / m R . 



These response ra t ios can be of importance in a number of in­
spection s i tuat ions, such as those which involve combinations of light and 
heavy m a t e r i a l s . If one were inspecting boron-s tee l samples to determine 
the uniformity of the boron distr ibut ion, for example, the neutrons would 
yield a potentially h igh-con t ras t image because of the high neutron ab ­
sorption of boron and the lower absorpt ion in s teel . However, if the 
neutron beam a lso contained a high gamma intensity, this cont ras t would 
be reduced if the detector a lso responded to the gamma radiat ion, b e ­
cause of the r e v e r s e d absorpt ion c h a r a c t e r i s t i c s . In this case , there fore , 
a knowledge of the relat ive neutron to gamma response of the d i r ec t -
exposure detection methods w^ould be useful. The re la t ive neutron to 
gamma intensi t ies in the imaging beam might indicate that only a t ransfe r 
detection method, which does not respond to the gamma radiat ion, would 
yield a useful inspection. 

For tunate ly , the t rans fe r method is available for these inspection 
situations in which the anticipated neutron to gamma intensity ra t io is so 
low that a la rge percentage of a d i r ec t - exposure detection would be yielded 
by the gamma radiat ion. 

E. Recommended Detection Methods 
« 

Although some indication of recommended detection methods has 
been given previously,(7,18) n may be useful he re to give the detection 
methods that have found the g r e a t e s t use in the pas t year at this Labora tory 
Fo r d i rec t exposure , the use of a single gadolinium metal s c r een and the 
use of a rhodium front sc reen with a gadolinium back sc reen have been 
employed to a g rea t extent. The single gadolinium sc reen method has r e ­
ceived extensive use because of the excellent resolut ion, which can be ob­
tained with reasonable speed. The doub le - sc reen technique, yielding 
resolut ion r e su l t s a lmos t as good as with the single gadolinium sc reen 
technique, has been used when improved speed w^as requi red . 

F o r t r ans fe r exposures , indium has been used extensively in 
in 250-^ thickness because it is readi ly available at reasonable cost. Ad­
mittedly indium is not as fast as dyspros ium, nor does it yield quite as 
good resolut ion as gold. Never the le s s , indium does yield useful inspection 
resu l t s for the major i ty of appl icat ions . 

IV. NEUTRON SOURCES 

The neutron spec t rome te r source used m the ear ly phase of this 
study, and shown in F igure 4, was useful for the investigation of var ious 
conver te r m a t e r i a l s for detecting neut rons photographically because it 
was monochromat ic , well collimated(20,21) a.nd contained a very low in­
tensi ty of gamma radiat ion. (^8) When used prac t ica l ly for rad iographic 



i n s p e c t i o n , h o w e v e r , t h i s s o u r c e c o v e r e d an a r e a tha t w a s s o m e w h a t 
s m a l l e r t han one wou ld l i k e . The m o s t i n t e n s e p a r t of the b e a m c o v e r e d 
rough ly a 1- by 2 - c m oval a r e a ; the b e a m s p r e a d to c o v e r a to ta l a r e a 
a p p r o x i m a t e l y 7.5 c m in d i a m e t e r . In add i t ion , a n e u t r o n i n t ens i t y s o m e ­
wha t g r e a t e r t han the va lue of 3 x 10^ n / c m ^ - s e c a v a i l a b l e f r o m the 
s p e c t r o m e t e r s o u r c e w a s d e s i r a b l e . 

A s e c o n d r e a c t o r s o u r c e , in wh ich the b e a m w a s u s e d d i r e c t l y a s 
it e m e r g e d f r o m the r e a c t o r , w a s p l a c e d in o p e r a t i o n a t the J u g g e r n a u t 
r e a c t o r . The s e c t i o n view^ of the r e a c t o r shown in F i g u r e 8 ou t l ines the 
e ight h o r i z o n t a l b e a m f a c i l i t i e s a v a i l a b l e at th i s r e a c t o r for n e u t r o n e x ­
p e r i m e n t s . In add i t i on t h e r e a r e 14 v e r t i c a l p o r t s . 

TEST CAVE 

111-9901 

F i g u r e 8. A Sec t i on of the J u g g e r n a u t R e a c t o r a t 6 3 . 5 - c m E l e v a t i o n 

F o r the n e u t r o n r a d i o g r a p h y s tudy the choice of a b e a m fac i l i ty 
w a s l i m i t e d to the h o r i z o n t a l p l ane in o r d e r to s impl i fy s e t - u p p r o b l e m s , 
p a r t i c u l a r l y t hose involving h e a v y i n s p e c t i o n o b j e c t s . S ince i t w a s f u r t h e r 
d e s i r e d to ob ta in a w e l l - c o U i m a t e d , e x t e r n a l n e u t r o n b e a m , a t t en t ion w a s 
c e n t e r e d on the four b e a m - h o l e f a c i l i t i e s , t h e s e be ing of two d i f fe ren t 
t y p e s . The b e a m h o l e s on the s o u t h e a s t and s o u t h w e s t f aces of the r e a c t o r 
ex tend t h r o u g h the l e a d t h e r m a l s h i e l d to wi th in 7.5 c m of the face of the 
r e a c t o r v e s s e l . The two b e a m h o l e s on the n o r t h e a s t and n o r t h w e s t w a l l s 
of the r e a c t o r e x t e n d in only to the t h e r m a l sh ie ld , and do not p e n e t r a t e i t . 

The l a t t e r type w a s r e g a r d e d a s p r e f e r a b l e s i nce the t h e r m a l 
sh i e ld ( lead, 5 c m th ick) would be e x p e c t e d to r e d u c e the g a m m a in t ens i t y 
in the b e a m and b e c a u s e the g r e a t e r a m o u n t of m o d e r a t i n g m a t e r i a l in the 



neutron path (consisting p r i m a r i l y of the graphite ref lector inside the 
the rmal shield) would be expected to provide a more favorable the rmal 
to fast neutron intensity ra t io . The horizontal beam tube on the nor theas t 
face of the reac tor was chosen and has been used for the neutron radiog­
raphy study repor ted h e r e . 

The radiographic a r r angemen t outside the r eac to r uti l ized a 
shielding wall to keep sca t t e red radiat ion from entering an adjacent ex­
per imenta l a rea and a beam ca tcher , which contained the emergent beam 
and also provided a convenient location for radiographic de tec tors and ob­
j ec t s . The exposures were remote ly controlled by opening and closing 
the shut ter inside the r eac to r wall . The exper imental a r r angemen t is 
shown in F igure 9-

201-5222 

Figure 9. A Photograph of the Neutron Radiographic Facil ity 
at Juggernaut Reactor 
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The b e a m a r r a n g e m e n t n o r m a l l y e m p l o y e d for a p p l i c a t i o n s t u d i e s 
u t i l i z e d a s t a i n l e s s s t e e l - l i n e d , h i g h - d e n s i t y - c o n c r e t e b e a m c o l l i m a t o r 
ex t end ing a l m o s t the e n t i r e l e n g t h of the r e a c t o r b e a m t u b e , excep t for the 
s h u t t e r a r e a . The c o l l i m a t o r conf ined the e m e r g i n g n e u t r o n b e a m to a 
r e c t a n g u l a r a r e a a p p r o x i m a t e l y 6.3 by 10 c m . Two d i f fe ren t t h i c k n e s s e s 
of so l id g r a p h i t e w e r e n o r m a l l y u s e d a t the r e a c t o r c o r e end of the b e a m 
tube to i m p r o v e the m o d e r a t i o n of the e m i t t e d n e u t r o n b e a m . 

With a g r a p h i t e plug 12.5 c m long in the b e a m t u b e , the e m e r g e n t 
b e a m had a to t a l n e u t r o n in t ens i t y of 4 .5 x 10^ n / c m ^ - s e c , a c a d m i u m 
r a t i o * of 2 .4 , and a g a m m a i n t e n s i t y of 110 R / h r . A n o t h e r usefu l b e a m 
c o n f i g u r a t i o n invo lved a g r a p h i t e p lug 37.5 c m long and y i e l d e d a to t a l 
n e u t r o n i n t e n s i t y of 1.5 x 10^ n / c m ^ - s e c , a c a d m i u m r a t i o * of 3.6, and a 
g a m m a i n t e n s i t y of 42 R / h r . Al l m e a s u r e m e n t s w e r e m a d e at the r e a c t o r 
w a l l w i th the r e a c t o r o p e r a t i n g a t a p o w e r l eve l of 200 kW. T h e s e two 
b e a m c o n f i g u r a t i o n s a t t he J u g g e r n a u t f ac i l i ty have b e e n u s e d for a wide 
v a r i e t y of a p p l i c a t i o n s t u d i e s . Th i s w i l l be d i s c u s s e d be low. A m o r e 
d e t a i l e d r e p o r t d e s c r i b i n g t h i s r e a c t o r b e a m fac i l i t y h a s b e e n g iven 
e l se -where . (25) 

A l though th i s s tudy h a s b e e n c o n c e r n e d a l m o s t e n t i r e l y wi th t h e s e 
r e a c t o r n e u t r o n s o u r c e s , s o m e i n d i c a t i o n of o the r p o s s i b l e n e u t r o n s o u r c e s 
shou ld be m a d e . A c c e l e r a t o r and r a d i o a c t i v e n e u t r o n s o u r c e s for t h i s 
a p p l i c a t i o n a r e f e a s i b l e , a l t h o u g h the s i t u a t i o n is c o m p l i c a t e d by the fac t 
t h a t m o s t s o u r c e s of t h i s n a t u r e y i e l d h i g h e r - e n e r g y n e u t r o n s , wh ich 
shou ld be m o d e r a t e d b e f o r e be ing a p p l i e d for g e n e r a l r a d i o g r a p h i c u s e . 
S o m e t e c h n i q u e s for a c c o m p l i s h i n g t h i s m o d e r a t i o n and t h e n b r i n g i n g a 
u se fu l t h e r m a l n e u t r o n b e a m out of the m o d e r a t o r h a v e b e e n d e s c r i b e d . (2-5) 
B e c a u s e of the l a r g e l o s s in n e u t r o n i n t e n s i t y one e n c o u n t e r s in going f r o m 
a f a s t - n e u t r o n y i e l d to a c o l l i m a t e d t h e r m a l - n e u t r o n b e a m f r o m a m o d e r a t o r , 
r e l a t i v e l y h i g h - i n t e n s i t y f a s t - n e u t r o n s o u r c e s a r e r e q u i r e d in o r d e r to o b ­
t a in a r e a s o n a b l e n e u t r o n i n t e n s i t y for r a d i o g r a p h y . I nd i ca t i ons a r e t ha t , 
in going f r o m n e u t r o n s hav ing e n e r g i e s in the MeV r a n g e to a c o l l i m a t e d 
t h e r m a l - n e u t r o n b e a m , the l o s s in i n t e n s i t y wi l l be of the o r d e r of 10^ 
t i m e s .1°'J-9) A f a s t - n e u t r o n y i e l d of 10^° n e u t r o n s / s e c would t h e r e f o r e 
p r o d u c e a c o l l i m a t e d t h e r m a l n e u t r o n b e a m i n t e n s i t y of about 10 n / c m ^ -
s e c , v/hich i s abou t the m i n i m u m i n t e n s i t y one would r e g a r d a s p r a c t i c a l 
for g e n e r a l n e u t r o n r a d i o g r a p h y . A n u m b e r of n e u t r o n s o u r c e s hav ing 
t o t a l y i e l d s in the o r d e r of 10^° n e u t r o n s / s e c and h i g h e r a r e a v a i l a b l e . (26,27) 

If, on the o t h e r hand , one can s t a r t w i th n e u t r o n s of l o w e r e n e r g y , 
s u c h a s the 2 5 - k e V n e u t r o n s f r o m a r a d i o a c t i v e S b - B e s o u r c e , the l o s s in 
i n t e n s i t y m i g h t not be a s g r e a t . W a r m a n ( 2 8 ) h a s i n d i c a t e d tha t it w a s 
p o s s i b l e to ob ta in a c o l l i m a t e d t h e r m a l - n e u t r o n b e a m i n t e n s i t y of about 
10 n / c m ^ - s e c f r o m a 1 0 ^ ° - n / s e c y i e l d S b - B e s o u r c e . ( 2 9 ) 

* C a d m i u m r a t i o s w e r e d e t e r m i n e d w i t h b a r e and 0 . 5 - m m - t h i c k c a d m i u m -
c o v e r e d gold fo i l s . 
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This p rob lem of obtaining useful radiographic neutron beams from 
neutron sources other than nuclear r e a c t o r s is the key to broadening the 
usefulness of neutron radiography as an inspection technique. At this 
wri t ing, additional effort in this a r e a does seem n e c e s s a r y . 

V. APPLICATIONS 

The applications of neutron radiography have been concentrated 
p r imar i l y in th ree genera l a r ea s of appreciable in te res t in the nuclear 
field, involving the neutron inspection of radioactive m a t e r i a l s , r eac to r 
control m a t e r i a l s , and heavy meta l s . In addition, there have been a few 
application efforts that can be grouped into a fourth, miscel laneous category. 

To date, at this Laboratory, 
the inspection of radioactive m a t e ­
r ia l has been the pr incipal applica­
tion of neutron radiography. Neutron 
radiography is very useful in such 
inspections because when the t rans fe r 
exposure method is used, the detector 
does not respond to the gamma rad i ­
ation from the inspection object. 
Therefore , as long as adequate p e r ­
sonnel shielding can be accomplished, 
the activity level of the inspection 
object p resen t s no problem. 

The neutron technique has 
been used to inspect a la rge number 
of i r rad ia ted reac to r fuel spec i -
mens(30,31j -whose activity levels 
have ranged up to 500 R / h r at one 
m e t e r . These inspections a re now^ 
handled on a routine basis with an 
a r r angemen t pic tured in F igure 10. 
A d iagram of the apparatus ( ^2) ĵ g 
shown in F igure 11. A comparison 
of the neutron inspection r e su l t s , 
the inspection resu l t obtained from 
a pin-hole cameral-^-^) and a photo­
graph of the sample in the cave 
facility after d isassembly is given 
in F igure 12. 

In addition to the obvious i m ­
provement in the quality of the in­
spection resu l t obtained with neutron 
radiography in contrast-with pinhole 

106-7338 

Figure 10. The Photograph Shows the 
Faci l i ty for the Inspection 
of Radioactive Fuel Cap­
sules Adjacent to the 
Juggernaut Reactor 
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SHIELDED 
EXTENSION 
TUBE 

Figure 11 

A Diagram Showing the Essential Features 
of the Equipment Pictured in Figure 10 

SHIELDED 
ENCLOSURE 

POSITIONER 

I I I , I 
50CM 
SCALE 
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Figure 12 

A Pinhole Autoradiograph and a 
Neutron Radiograph (Both Positive 
Prmts)ofa Radioactive, Unopened 
Fuel Capsule Are Compared with a 
Photograph of the Opened Capsule 

106-7003 

Gamma Autoradiograph 
of Unopened Capsule 

Neutron Radiograph of Opucal Photograph of 
Unopened Capsule Clad Fuel Specimens 

after Capsule Was 
Opened 
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a u t o r a d i o g r a p h y , t h e n e u t r o n t e c h n i q u e a l s o h a s t h e a d v a n t a g e t h a t o t h e r 
o b j e c t s w i t h i n t h e i n s p e c t i o n c a p s u l e , s u c h a s t h e r m o c o u p l e s a n d s p a c e r s , 
s h o w u p on t h e r a d i o g r a p h . T h e p i n h o l e m e t h o d , on t h e o t h e r h a n d , u s u a l l y 
y i e l d s i n f o r m a t i o n o n l y a b o u t t h e f ue l i t s e l f . In a d d i t i o n , t h e n e u t r o n 
t e c h n i q u e h a s a n a d v a n t a g e o v e r X - r a y t echn iquesv-^ '* ' -^^ / in t h a t t h e l a t t e r 
h a v e s o m e u p p e r l i m i t of s a m p l e r a d i o a c t i v i t y b e y o n d w h i c h f i l m f o g g i n g 
b e c o m e s s o e x c e s s i v e t h a t t h e i n s p e c t i o n c a n n o t y i e l d u s e f u l r e s u l t s . 

N e u t r o n r a d i o g r a p h y a l s o o f f e r s s o m e u n i q u e a d v a n t a g e s in t h e 
i n s p e c t i o n of r e a c t o r c o n t r o l m a t e r i a l s , b o t h i n r e g a r d t o u n i f o r m i t y ( l ° ) 
a n d t o t h e d e t e r m i n a t i o n of b u r n u p . \ - ' ° ' ' S i n c e s u c h m a t e r i a l s a r e o r i g i n a l l y 
c h o s e n b e c a u s e of t h e i r h i g h n e u t r o n - a b s o r b i n g p r o p e r t i e s , t h e u s e of 
n e u t r o n s to i n s p e c t t h e m d o e s s e e m l o g i c a l . 

A n e x a m p l e of t h e u s e of n e u t r o n r a d i o g r a p h y t o d e t e r m i n e t h e u n i ­
f o r m i t y of t h e d i s t r i b u t i o n of a n e u t r o n - a b s o r b i n g m a t e r i a l w i t h i n a n o t h e r 
m a t e r i a l i s s h o w n in F i g u r e 1 3 . T h e i n s p e c t i o n o b j e c t s w e r e e x p e r i m e n t a l 
s a m p l e s of B4C a n d g l a s s p o w d e r m i x t u r e s i n s t a i n l e s s s t e e l t u b e s . T h e 
n e u t r o n r a d i o g r a p h s e a s i l y s h o w v a r i a t i o n s i n t h e u n i f o r m i t y of t h e d i s t r i ­
b u t i o n of t h e b o r o n w i t h i n t h e s a m p l e s . 

F i g u r e 13 

T h e s e N e u t r o n R a d i o g r a p h s of 
B4C a n d G l a s s P o w d e r M i x t u r e s 
S i n t e r e d i n S t a i n l e s s S t e e l T u b e s 
S h o w t h e V a r y i n g D e g r e e of U n i ­
f o r m i t y of M i x i n g O b t a i n e d a n d 
I n d i c a t e t h e S e n s i t i v i t y of t h e 
N e u t r o n T e c h n i q u e f o r M a k i n g 

Mil «,,»-.—,^. S u c h I n s p e c t i o n s 

ilil||Mgiiiiliw<llil<>iiiM 

«jj«aHflHflHllHliflHMBHiHlMBIIHHHMB»^^ 

3 8 3 4 0 

T h e n e u t r o n t e c h n i q u e i s p a r t i c u l a r l y w e l l s u i t e d t o t h e d e t e r m i n a ­
t i o n of h i g h b u r n u p in r e a c t o r - c o n t r o l m a t e r i a l s s i n c e t h e r e l a t i v e n e u t r o n 
a b s o r p t i o n i n e a c h a r e a of t h e c o n t r o l m a t e r i a l c a n e a s i l y b e s h o w n b y 
n e u t r o n r a d i o g r a p h y . S u c h a s t u d y w a s r e c e n t l y m a d e of a c a d m i u m s h i m -
s a f e t y r o d r e m o v e d f r o m C P - 5 r e a c t o r a f t e r a l o n g p e r i o d of u s e . l - ^ " / 
N e u t r o n r a d i o g r a p h s of t h i s m a t e r i a l , h a v i n g a n o m i n a l t h i c k n e s s of 
0 . 6 2 5 m m , w e r e c o m p a r e d v / i th n o r m a l , u n i r r a d i a t e d c a d m i u m . T h e i n ­
s p e c t i o n i n d i c a t e d t h a t t h e i r r a d i a t e d c a d m i u m h a d a n e q u i v a l e n t n o r m a l 
c a d m i u m t h i c k n e s s of l e s s t h a n 0 . 0 2 5 m m i n t h e h i g h l y i r r a d i a t e d a r e a s 



and tha t the t r a n s i t i o n b e t w e e n t h i s a r e a and the e s s e n t i a l l y n o r m a l c a d ­
m i u m a r e a w a s s u r p r i s i n g l y a b r u p t ( see F i g u r e 14). The advan t age of 
u s ing n e u t r o n r a d i o g r a p h y for t h i s type of i n s p e c t i o n is tha t a c o m p l e t e 
p i c t u r e of the b u r n u p p a t t e r n can be ob t a ined v e r y r a p i d l y . If m o r e a c ­
c u r a t e d e t e r m i n a t i o n s of b u r n u p a r e r e q u i r e d , the n e u t r o n r a d i o g r a p h s 
ob ta ined can be u s e d to a d v a n t a g e in l oca t ing spec i f i c a r e a s of i n t e r e s t 
for f u r t h e r s tudy by c h e m i c a l , m a s s s p e c t r o m e t r i c , or o the r m e t h o d s . 

III IB • '\mKm-M 
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F i g u r e 14. Th i s N e u t r o n R a d i o g r a p h of One P o r t i o n of 
a U s e d C a d m i u m S h i m - s a f e t y Rod I n d i c a t e s 
the Dep l e t i on of Cd'^'' in the A r e a on the 
Left by the Much Higher N e u t r o n T r a n s ­
m i s s i o n t h r o u g h This A r e a 

The t h i r d m a j o r a r e a of a p p l i c a t i o n for n e u t r o n r a d i o g r a p h y a t 
th i s L a b o r a t o r y h a s b e e n the i n s p e c t i o n of h e a v y m e t a l s , p r i m a r i l y 
u r a n i u m and p l u t o n i u m ( see F i g u r e 15). The advan t age of u s i n g n e u t r o n s 
for such i n s p e c t i o n s l i e s in the fac t t h a t the a b s o r p t i o n of n e u t r o n s is 
a p p r e c i a b l y l e s s than is the c a s e wi th m o s t X r a d i a t i o n s . F u r t h e r , h e a v y 
s e c t i o n s can be e a s i l y i n s p e c t e d . A c o m p a r i s o n of e x p o s u r e t i m e s for 
s e v e r a l X - r a d i o g r a p h i c and n e u t r o n - r a d i o g r a p h i c m e t h o d s for n a t u r a l 
u r a n i u m ( 3 7 ) i n d i c a t e s t h a t t h e r m a l - n e u t r o n s o u r c e s of r e a s o n a b l e i n ­
t e n s i t y (10 n / c m ^ - s e c o r m o r e ) can p r o v i d e g o o d - q u a l i t y i n s p e c t i o n s of 
a few c e n t i m e t e r s or m o r e of h e a v y m a t e r i a l wi th e x p o s u r e t i m e s c o m ­
p a r a b l e wi th t h o s e r e q u i r e d when a B e t a t r o n X - r a y s o u r c e is u s e d . C o n ­
t r a s t s e n s i t i v i t i e s of the o r d e r of 1 to 3 p e r cen t can be ob ta ined by 
n e u t r o n r a d i o g r a p h y . 

file://'/mKm-M


F i g u r e 15 

A N e u t r o n R a d i o g r a p h of S e v e r a l P l u t o n i u m 
P i n s ( S e p a r a t e d by S t r i p s of C a d m i u m ) Shows 
E v i d e n c e of C r a c k s (White A r r o w h e a d s I n ­
d i c a t e S e v e r a l C r a c k s ) in Many of the P i n s . 
The l eng th of e a c h p in w a s abou t 5 c m . 
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R e p o r t e d n e u t r o n r a d i o g r a p h i c s tud ies ! - ' - ' ' ^ ' ~-^"/ of h e a v y m e t a l s 
i nd i ca t e tha t n e u t r o n r a d i o g r a p h y is p a r t i c u l a r l y usefu l for the i n s p e c t i o n 
of n a t u r a l u r a n i u m , l e a d , and b i s m u t h . The u s e of n e u t r o n s to i n s p e c t 
s t e e l , h o w e v e r , p r e s e n t s f ewer a d v a n t a g e s b e c a u s e the a t t e n u a t i o n dif­
f e r e n c e s a r e l e s s f a v o r a b l e and b e c a u s e s t e e l does e m i t a p p r e c i a b l e 
p r o m p t (n,7) r a d i a t i o n upon n e u t r o n b o m b a r d m e n t . A s po in t ed o u t p r e v i o u s l y , 
th i s p r o m p t r a d i a t i o n t e n d s to d e c r e a s e the c o n t r a s t ob t a ined wi th d i r e c t -
e x p o s u r e n e u t r o n t e c h n i q u e s , p a r t i c u l a r l y in the i n s p e c t i o n of l a r g e r 
t h i c k n e s s e s . The effect can be e l i m i n a t e d by u s ing t r a n s f e r de t ec t ion 
m e t h o d s , a l though in th i s c a s e , too , a l i m i t i n g i n s p e c t i o n t h i c k n e s s is e n ­
c o u n t e r e d b e c a u s e of s a t u r a t i o n effects for the t r a n s f e r m a t e r i a l s .w^ / 

N e u t r o n r a d i o g r a p h i c m e t h o d s have been u s e d to s tudy c r y s t a l 
o r i e n t a t i o n in th in m e t a l samples,v '*Oj b i o l o g i c a l s a m p l e s ,('*^ ""*3) a.nd 
h y d r o g e n o u s m a t e r i a l s . (39) Al though n e u t r o n r a d i o g r a p h y does not a p p e a r 
to be a good tool for i n s p e c t i n g r e l a t i v e l y l a r g e t h i c k n e s s e s ( s e v e r a l c e n t i ­
m e t e r s o r m o r e ) of h y d r o g e n o u s m a t e r i a l , b e c a u s e e x c e s s i v e s c a t t e r 
g r e a t l y r e d u c e s the v a r i a t i o n in t h i c k n e s s -which can be d e t e c t e d , the 
n e u t r o n t e c h n i q u e m a y be of va lue in i n s p e c t i n g t h i n n e r h y d r o g e n o u s s a m ­
p l e s or h y d r o g e n o u s m a t e r i a l s c o m b i n e d wi th h e a v i e r m a t e r i a l s . In the 
l a t t e r c a s e , n e u t r o n r a d i o g r a p h y m a y p r o v i d e the only m e a n s of r a d i o ­
g r a p h i c i n s p e c t i o n . 

In such c a s e s , the h y d r o g e n con ten t m a y have to be f a i r l y l a r g e in 
o r d e r to d e t e c t s ign i f i can t d i f f e r e n c e s . F o r e x a m p l e , a n e u t r o n r a d i o ­
g r a p h i c study('*4/ of s e v e r a l s m a l l (l x 4 x 0 . 0 1 - c m ) Z i r c a l o y - 2 coupons 
con ta in ing v a r i o u s a m o u n t s of h y d r o g e n i n d i c a t e d tha t the h y d r o g e n con ten t 
would have to be a t l e a s t 5000 p p m b e f o r e mean ingfu l v a r i a t i o n s in h y d r o ­
gen con ten t could be d e t e c t e d by n e u t r o n r a d i o g r a p h y . N e v e r t h e l e s s , u s e ­
ful n e u t r o n i n s p e c t i o n s of h y d r o g e n o u s and h e a v y m a t e r i a l c o m b i n a t i o n s 
have b e e n r e p o r t e d . (^ ' / 

The b i o l o g i c a l a p p l i c a t i o n s of n e u t r o n r a d i o g r a p h y h a v e not b e e n 
i n v e s t i g a t e d e x t e n s i v e l y a s of t h i s t i m e . H o w e v e r , a s tudy now in 
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progressV'*'^/ to de te rmine the usefulness of var ious neutron cont ras t agents 
in biological sys tems may indicate the direct ion of further efforts in this 
a r e a . Special biological applications have also been suggested by Barton.("^^z 
F r o m an indust r ia l radiographic point of view, the use of neutron cont ras t 
agents to improve radiographic cont ras t has a l ready been demons t ra ted . ' " ) 

VI. CONCLUSIONS 

Methods for inspecting by neutron radiography have been demon­
s t ra ted and a r e being applied to a wide var ie ty of inspection p rob lems . It 
s eems reasonable to anticipate that the future availabili ty of neutron sources 
other than nuclear r e a c t o r s -will contr ibute to much wider application of 
this technique in industry . 
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